Reproduction in all mammals is controlled by a hypothalamic clock that produces periodic secretory pulses of GnRH, but how the timing of these pulses is determined is poorly understood. The neuropeptide kisspeptin potently and selectively stimulates the secretion of GnRH. Although this property of kisspeptin is well described, the effects of kisspeptin on endogenous GnRH pulse generation remain largely unexplored.
C
locks are ubiquitous in living organisms. They drive an extremely wide range of periodic phenomena in individual cells, tissues, organs, and whole organisms (1) . These scales have a range on the order of 10 billion, from milliseconds at the neuronal level, to seconds in cardiac rhythms, to a day on the circadian scale, to a year for seasonal changes. Within this milieu lies the hypothalamus, which houses not only the well-known circadian clock but also the clocks that drive the rhythmic secretion of GnRH, GH, and other hormones (1, 2) . The pulsatile secretion of GnRH initiates puberty; coordinates ovulation; maintains overall reproductive function; and is influenced by gender, sleep, food intake, photoperiod, and stress (3) . Common reproductive disorders, including poly-cystic ovarian syndrome, hypothalamic amenorrhea, and delayed puberty, are associated with abnormalities in pulsatile GnRH secretion (4 -8) . Although the importance of pulsatile GnRH secretion has been known for decades (9) , the nature of the hypothalamic clock that generates GnRH pulses has remained an enigma.
The hypothalamic neuropeptide kisspeptin is essential for normal reproduction; mutations in the kisspeptin receptor cause abnormal sexual maturation and hypogonadotropic hypogonadism in humans and mice (10 -12) . Kisspeptin is a potent stimulus for GnRH secretion in all mammalian species tested to date, including humans (13) (14) (15) (16) (17) . Much has been learned about the roles of kisspeptin in sexual maturation, in mediating sex-steroid feedback, and in conveying the effects of nutritional status and stress to GnRH neurons (13) . However, the effects of kisspeptin on the GnRH pulse generator have yet to be explored in detail.
We have administered kisspeptin to healthy adult men and performed frequent blood sampling to chart the morphology and timing of LH pulses before and after kisspeptin administration. This detailed neuroendocrine characterization allowed us to estimate the duration of GnRH secretion in response to kisspeptin and to examine kisspeptin's effects on endogenous GnRH pulse generation.
Subjects and Methods

Subjects
Healthy adult men who received kisspeptin (n ϭ 13) met the following inclusion criteria: 21-40 yr old; self-reported history of normal timing and pace of puberty and normal erectile and ejaculatory function; no use of prescription medications for at least 2 months before the study; body mass index 18.5-30 kg/m 2 ; blood pressure below 140/90 mm Hg; normal physical examination including testicular volume 15 ml or greater by Prader orchidometer; normal white blood cell and platelet counts, normal hemoglobin; no elevation of creatinine or blood urea nitrogen; aspartate aminotransferase and alanine aminotransferase no more than twice the upper limit of the reference range; and normal TSH, prolactin, FSH, LH, and testosterone. Exclusion criteria were the presence of a chronic medical condition, a history of cryptorchidism or microphallus, a history of anaphylaxis, consumption of more than 10 alcoholic drinks per week, and self-reported use of illicit drugs. Men with GnRH deficiency who received GnRH are described elsewhere (18) . All protocols were approved by the Institutional Review Board of the Massachusetts General Hospital (MGH) and the Food and Drug Administration, and all subjects gave written informed consent before participation in these studies. The kisspeptin study was registered with www.ClinicalTrials.gov (NCT00914823).
Materials
Kisspeptin 112-121 and GnRH were synthesized using good manufacturing practices by PolyPeptide Laboratories (San Diego, CA). Resuspended aliquots underwent additional tests for sterility, pyrogenicity, purity, and concentration.
Kisspeptin administration and frequent blood sampling
Subjects were admitted to the Harvard Catalyst Clinical Research Center of MGH for 12 h of blood sampling every 10 min. Kisspeptin was given as an iv bolus at a dose of 0.24 nmol/kg (0.313 g/kg) at the 6-h time point. There were no adverse events related to kisspeptin immediately after administration or at 2-wk follow-up.
GnRH administration
Men with GnRH deficiency received an "ED 50 " dose of GnRH as an instantaneous bolus or as a 1-, 5-, or 30-min infusion as described previously (18) . Only data from the 10-, 20-, 30-, 40-, 50-, and 60-min time points were analyzed to match the data obtained every 10 min in the kisspeptin administration study.
Laboratory assays
Measurements of LH for each sample and FSH and testosterone on 2-h pools were performed by the MGH Clinical Laboratory Research Core as described elsewhere (19) .
Pulse identification and calculated pulse characteristics
We identified LH pulses using a modification of the criteria of Santen and Bardin (20) augmented by the following deconvolution algorithm: the LH decay curves for all pulses for each subject (starting from the first point after each peak to the nadir preceding the next pulse) were used to calculate a single best-fitting decay rate and plateau (assuming single rate exponential decay in the presence of a tonic level of LH secretion). For each LH measurement, these decay constants were used to calculate the LH expected at the next (ϩ10 min) time point, which was then subtracted from the actual measured LH to derive an instantaneous secretory rate (ISR) above baseline. Because ISR during periods of decay are expected to be zero, the SD of ISR during decay periods (as defined above) was used as a measure of variability attributable to sample collection and hormone measurement. ISR greater than 2 SD above zero were flagged as potential secretory events. If the ISR immediately preceding or following this ISR was negative in sign and within 1 SD in magnitude, these data points were attributed to errors in sample collection/measurement and removed from analysis. Remaining secretory rates greater than 2 SD above zero were considered to mark true secretory events (i.e. pulses). To detect gradual pulses, ISR were also calculated based on the LH expected at the ϩ20 and ϩ30 min time points. Decay constants were then recalculated and the analysis repeated until no additional data points were removed and no additional pulses were added or removed.
The amplitude of each pulse was calculated by subtracting the LH concentration at the nadir preceding each pulse from the LH concentration at the peak of the pulse. The results of analysis were unchanged if other methods of calculating pulse amplitude were used, such as totaling the ISR from the nadir to the peak of each pulse. The area under the curve (AUC) for each LH pulse was calculated as reported elsewhere (18) . The interpulse interval was defined as the time between pulse nadirs.
Kisspeptin pharmacokinetics
Kisspeptin was added to human plasma to a concentration of 500 ng/ml and then incubated at 37 C for 0, 1, 2, 4, 6, 8, 10, 15, 30, 60, 120, 240, 360, and 1440 min, followed by extraction and quantitation by tandem liquid-chromatography mass-spectroscopy (details in Supplemental Information, published on The Endocrine Society's Journals Online web site at http://jcem.endojournals.org, and Ref. 21 ). Kisspeptin was below the limit of quantitation (0.5 ng/ml) in samples incubated for more than 60 min. The assay was linear from 0.5 to 1000 ng/ml (Supplemental Fig. 1 ). Within-run coefficients of variation were 16.5, 10.4, 8.2, 4.1, and 4.2% at 0.5, 1, 5, 50, and 500 ng/ml, respectively, with six replicates each.
Statistical analysis
Data are presented in text and figures as mean Ϯ SEM. Onesample Kolmogorov-Smirnoff tests were used to compare the cumulative number of pulses over time in the separate 6-h periods before and after kisspeptin to an idealized uniform distribution (cumulative probability rising from 0 at the beginning to 1 at the end of each 6-h period). Paired, two-tailed t tests were used to compare pulse amplitude, AUC, time from nadir to peak, and pulse intervals for the kisspeptin-induced pulses to the mean of the values for each individual's endogenous pulses before kisspeptin. If a subject lacked a data point for a particular comparison, that subject's data were excluded from that analysis; conclusions were unchanged if time-to-event analysis was performed using SigmaPlot (SyStat Software, San Jose, CA). Repeated-measures, oneway ANOVA with Bonferroni post hoc analysis was used to compare FSH and testosterone for each 2-h pool after kisspeptin administration (i.e. the 6 -8, 8 -10, and 10 -12 h pools) to the mean of each individual's three pools before kisspeptin (i.e. the 0 -2, 2-4, and 4 -6 h pools). Correlations were tested using linear regression. Kisspeptin decay in vitro was fitted to a biexponential decay model using WinNonlin version 5 (Pharsight Corp., Sunnyvale, CA). Statistical calculations were performed using Microsoft Excel (Richmond, CA) and GraphPad Prism (La Jolla, CA).
Results
Kisspeptin immediately induces a single, large LH pulse in men
Thirteen healthy adult men underwent blood sampling every 10 min, and LH was measured at each time point to chart LH pulses (22) , which serve as a well-validated surrogate measure of GnRH secretory pulses (23, 24) . After 6 h of blood sampling to establish baseline GnRH secretory patterns, subjects received a single iv bolus of 0.24 nmol/kg of the human kisspeptin decapeptide (amino acids 112-121 of the precursor molecule), followed by an additional 6 h of blood sampling. LH pulses were identified using the method of Santen and Bardin (20) augmented by deconvolution analysis.
In all subjects, kisspeptin induced an immediate LH pulse, regardless of the timing of the previous endogenous pulse (Fig. 1, A and B, and Supplemental Fig. 2) . To isolate the effects of kisspeptin from those of endogenous GnRH secretion, data from all subjects were averaged at each time point. This caused endogenous pulses, which occurred asynchronously across subjects, to even out to an apulsatile baseline and revealed that kisspeptin induces a single pulse, with LH returning to baseline by 4 h (Fig. 1C) .
The mean amplitude and AUC of the kisspeptin-induced LH pulses were larger than those of endogenous pulses (amplitude 5.0 Ϯ 1.0 vs. 2.1 Ϯ 0.3 mIU/ml, P ϭ 0.02; AUC 684 Ϯ 118 vs. 312 Ϯ 52 min·mIU/ml, P ϭ 0.03; Fig. 2, A and B) . Notably, however, the ranges of amplitudes of kisspeptin-induced and endogenous pulses demonstrated considerable overlap (1.6 -10.9 and 0.5-7.8 mIU/ml, respectively). Serum FSH and testosterone also rose after kisspeptin administration (pooled values 2-4 h after kisspeptin vs. 6 h before kisspeptin: FSH 3.3 Ϯ 0.5 vs. 2.9 Ϯ 0.4 mIU/ml, P Ͻ 0.01; testosterone 480 Ϯ 41 vs. 430 Ϯ 45 ng/dl, P Ͻ 0.01; Fig. 2, C and D) . Of several linear regression analyses performed (Supplemental Fig.  3 ), a positive correlation was observed between the interval between the kisspeptin-induced pulse and the succeed- ing endogenous pulse and the amplitude of the succeeding endogenous pulse (R 2 ϭ 0.6, P Ͻ 0.005).
The morphology of kisspeptin-induced LH pulses reveals that kisspeptin induces sustained GnRH release
The LH pulses induced by kisspeptin were more rounded and more prolonged than endogenous pulses ( Fig. 1 and Supplemental Fig. 1) , with a longer time from nadir to peak (kisspeptin-induced, 27.7 Ϯ 1.7 min; endogenous, 22.8 Ϯ 1.4 min, P Ͻ 0.02; Fig. 3D) . A similar pulse morphology was seen in a previous study from our group, in which 10 men with isolated GnRH deficiency were given a fixed dose of GnRH as an instantaneous bolus or as 1-, 5-, or 30-min infusions (18) . Because of these men's isolated GnRH deficiency, their pituitary responses to exogenous GnRH could be charted without interference from endogenous GnRH secretion. Compared with the LH pulses after an instantaneous bolus of GnRH, those stimulated by the 1-, 5-, and 30-min infusions of GnRH became progressively more blunted and prolonged (Fig. 3, A-C) . By comparing the shape of the kisspeptin-induced LH pulses in normal men to the shape of the GnRH-induced LH pulses in GnRH deficient men, we determined that the LH response produced by the dose of kisspeptin used in this study could be mimicked by a 17-min infusion of GnRH (Fig. 3, A-C) . To assess the possibility that this could be due to prolonged pharmokinetics of kisspeptin, the half-life of kisspeptin 112-121 in human plasma in vitro was determined using a tandem liquid-chromatography mass-spectroscopy assay. This revealed that kisspeptin 112-121 has a half-life of 55 sec at 37 C (Fig. 3E) .
Kisspeptin resets the GnRH pulse generator
To examine the effects of kisspeptin on endogenous GnRH pulse generation, we tested two competing hypotheses: the null hypothesis, that exogenous kisspeptin, although inducing its own GnRH pulse, has no effect on the timing of endogenous pulses (Fig. 4A) , and an alternative hypothesis, that exogenous kisspeptin resets the GnRH pulse generator (Fig. 4B) . We first examined the temporal distribution of LH pulses. The null hypothesis predicts that endogenous pulses, which are asynchronous across the subject population and thus evenly distributed before kisspeptin, would also be evenly distributed after kisspeptin. As expected, we observed a uniform distribution of pulses in the 6 h before kisspeptin. However, the distribution of pulses in the 6 h after kisspeptin was significantly nonuniform (P Ͻ 0.03), with a paucity of pulses immediately after the kisspeptin-induced pulse (Fig. 1C) . Thus, exogenous kisspeptin delayed the appearance of the next endogenous pulse, as would be expected if kisspeptin resets the pulse generator.
To characterize this delay in more detail, we next examined the intervals between endogenous pulses. The null hypothesis predicts that the intervals between endogenous pulses would be unaffected by exogenous kisspeptin administration. Specifically, the pulse intervals before kisspeptin (interval A in Fig. 4) would be equal to the interval between the two pulses straddling the kisspeptin-induced pulse (interval B in Fig. 4 ). We found that interval A (before kisspeptin) averaged 130 Ϯ 8 min (Fig. 4C) , consistent with the well-described mean pulse frequency of approximately 2 h in men (20) . In sharp contrast, we found that interval B was significantly longer than interval A, averaging 205 Ϯ 25 min (P Ͻ 0.02; Fig. 4C ).
We then quantified the timing of the kisspeptin-induced pulse relative to the preceding and succeeding endogenous pulses. The null hypothesis predicts that the kisspeptininduced pulse would be as likely to fall closer to the preceding pulse as it would be to fall closer to the succeeding pulse. Thus, the means of these pulse intervals (B1 and B2 in Fig. 3) would be equal to each other and would be half of interval A. However, we found that interval B2 was longer than predicted by the null hypothesis. Specifically, although interval B1 averaged 62 Ϯ 14 min, approximately half of interval A as expected, interval B2 was significantly longer (141 Ϯ 21 min, P Ͻ 0.02, Fig. 3C ). Moreover, interval B2 was statistically indistinguishable from interval A (P ϭ 0.6; Fig. 3C ). Therefore, the interval from the kisspeptin-induced pulse to the next endogenous pulse approximated the endogenous interpulse interval, exactly what would be expected with resetting. A post hoc power calculation reveals that our study had 90% power to detect a small difference (28 min) between these intervals. Thus, our data support the possibility that these pulse intervals are in fact identical and, by extension, that kisspeptin resets the hypothalamic clock. We did not observe any abiding effects of kisspeptin; the intervals between endogenous pulses after kisspeptin (103 Ϯ 14 min; interval C in Fig. 3) were not different from those before kisspeptin (P ϭ 0.14; Fig. 3C ).
Discussion
By detailing the neuroendocrine responses of healthy men to exogenous kisspeptin, we have discovered previously undescribed properties of kisspeptin. A single, short-lived dose of kisspeptin induces sustained GnRH release in vivo, as demonstrated by the distinctive morphology of the kisspeptin-induced LH pulse. Furthermore, kisspeptin has the striking property of resetting the hypothalamic clock that drives pulses of GnRH secretion. Although estrogen, progesterone, testosterone, opioids, and their agonists and antagonists have been shown to modulate GnRH pulse frequency and amplitude (25) , kisspeptin is the first known agent that can acutely reset the hypothalamic GnRH clock.
The ability of kisspeptin to reset the GnRH pulse generator was unexpected. We had presumed that kisspeptin   FIG. 4 . Effects of kisspeptin on pulse intervals. A, Schematic of the predicted result if kisspeptin were to have no effect on the timing of endogenous pulses. Note that this is an idealized schematic and that actual pulse profiles show more variability in pulse intervals. B, The observed result, that kisspeptin delayed the appearance of the next endogenous pulse and prolongs intervals B and B2. C, Observed pulse intervals. Bars, means.
acts at a late step in GnRH secretion (exocytosis) because kisspeptin can trigger GnRH secretion in explants of the mediobasal hypothalamus (MBH), which is rich in GnRH neuronal fibers but contains few GnRH neuronal cell bodies (26) . Thus, we had predicted that endogenous GnRH pulse generation would be unaffected by exogenous kisspeptin administration. Contrary to our expectation, kisspeptin not only triggered an exocytic event but also had an acute effect on the hypothalamic GnRH pulse generator, such that the interval from the kisspeptin-induced pulse to the next endogenous pulse was about 2 h, approximating the normal endogenous pulse interval in men. Therefore, kisspeptin did not merely delay the next GnRH-induced LH pulse; it reset the hypothalamic GnRH pulse generator to a new zero time point.
The current study adds new information to the ongoing debate on the anatomic location of the GnRH pulse generator. One hypothesis is that GnRH neurons themselves contain autonomous mechanisms to allow coordinated secretion at periodic intervals. Indeed, pulsatile GnRH release has been observed both in vitro in a GnRH-secreting cell line and ex vivo in cultured GnRH neurons from fetal monkey and rat olfactory placodes (27) (28) (29) . An alternative hypothesis is that the pulse generator lies outside GnRH neuronal cell bodies. This hypothesis was suggested by deafferentation experiments that demonstrated that the MBH can support reproductive endocrine activity and pulsatile LH secretion, even in the absence of connections with the rest of the brain (30) . Also, explants of the MBH can produce pulsatile GnRH secretion (31, 32) . Furthermore, volleys of multiunit activity in the arcuate nucleus, part of the MBH, are temporally associated with LH pulses (30) . Because few GnRH neurons are present in the MBH (30), these results argue against GnRH neuronal cell bodies being the primary site of the pulse generator. Kisspeptin appears to act directly on GnRH neurons because GnRH neurons express the kisspeptin receptor (13) and kisspeptin stimulates GnRH neurons even when inputs from other neurons are blocked (33) (34) (35) (36) . Thus, our finding that kisspeptin resets the hypothalamic GnRH clock provides evidence that GnRH neurons are an essential component of the pulse generator.
It is important to recognize, however, that intrinsic pulsatility of the GnRH neurons does not preclude the existence of other pulse generators in the reproductive endocrine system. Indeed, kisspeptin secretion itself is also pulsatile (37, 38) , and it has been suggested the multiunit activity that correlates with LH secretion originates from kisspeptin neurons in the arcuate nucleus (30) . Thus, there appear to be multiple clocks in the reproductive endocrine system operating at different levels within the hypothalamus, with kisspeptin serving as a means of communication between these clocks. This redundancy could protect against disruption of GnRH pulse generation and could also provide multiple sites of regulation of reproductive endocrine function.
The second major finding of this study is that an instantaneous iv kisspeptin bolus results in sustained activation of GnRH neurons lasting approximately 17 min in vivo, a finding that is remarkably congruent with ex vivo studies of GnRH neurons. After transient exposure to kisspeptin, GnRH neurons in cultured brain slices exhibit sustained depolarization and calcium mobilization (33) (34) (35) (36) 39) , with a mean duration of depolarization of 16 min in one study (36) . This sustained effect of kisspeptin could be due to prolonged receptor occupancy or prolonged activation of downstream signaling pathways but does not appear to be due to prolonged pharmacokinetics of kisspeptin because the in vitro half-life of kisspeptin in human plasma is very short. However, it remains possible that the pharmocokinetics of kisspeptin differ in vivo due to tissue distribution or protein binding. It is also unlikely that this is due to a direct effect of kisspeptin on the pituitary gland. Administration of kisspeptin intracerebroventricularly to mice, rats, and rhesus macaques stimulates LH secretion, and this stimulation is blocked by pretreatment with a GnRH receptor antagonist (13) . Thus, the results in this study most likely reflect a hypothalamic action of kisspeptin.
The dose of kisspeptin used in this study was chosen based on those reported elsewhere (14) , in which an equimolar dose of kisspeptin 68 -121 was the smallest dose to produce a maximal rise in LH. In our study, this dose induced responses that ranged from physiological to supraphysiological. Future studies will determine whether kisspeptin can cause sustained GnRH release and resetting of the GnRH pulse generator at other doses.
Kisspeptin's role in reproduction was revealed by the discovery that loss-of-function mutations in the kisspeptin receptor cause GnRH deficiency in humans and mice (10 -12) , and we have now brought those initial findings through the translational research cycle. By administering kisspeptin to human subjects, we have discovered a previously unknown property of this critical neuropeptide: the ability to reset the GnRH pulse generator. Furthermore, by performing peptide administration studies in both normal and GnRH-deficient men, we have determined that a single iv bolus of kisspeptin induces a prolonged GnRH secretory event in humans. We anticipate that kisspeptin will be a valuable physiological tool for unraveling the mystery of how pulses of GnRH secretion are generated, how they are altered in disease states, and how they might be subject to biopharmaceutical modification to treat reproductive disorders.
